Electropalatography was used to monitor linguapalatal contact patterns in/s/and/t/. Talkers often compensated incompletely for a bite block, both immediately after its insertion (sample B1) and after 10 rain of practice (sample B2). Significant differences in the number of sensors contacted were noted between normal and bite-block samples for both/s/and/t/. Differences in length of constriction in/t/, and the A-P location and width of the groove in /s/were also noted. The two native English subjects compensated better than three Arabic subjects, perhaps because English/s/and/t/are formed more posteriorily and with a smaller contact area than their Arabic counterparts. A significant correlation existed between the area and A-P location of linguapalatal contact. All five subjects formed a groove for/s/in sample B2, but two often did not produce/t/with complete constriction. This suggests a groove is critical for/s/, but complete constriction is not critical for/t/. The contact patterns in sample B2 more closely resembled normal speech than those in sample B 1 in some instances, while in other instances the reverse was true. The conclusion that subjects sometimes overcompensated in sample B2 was supported by the results of detailed acoustic and perceptual analyses for one subject. Taken together, the results suggest that compensation for a bite block is not instananeous, and that specific parameter values may be encoded in central phonetic representations.
INTRODUCTION
This study examined the linguapalatal contact patterns in/s/and/t/produced normally and with a bite block to help determine which articulatory characteristics of these consonants are critical and which are "redundant" (Stevens et al., 1986; Lindblom, 1972) . We started with the assumption that the articulatory parameters preserved most often across phonetic contexts, speaking rates, syllable position, and so on, are the ones most important for a phone's correct identification, and also the ones most likely to be encoded centrally. From this, we hypothesized that articulatory parameters that were redundant would tend to disappear or undergo extensive modification in speech produced with a bite block.
This hypothesis also derived from previous research showing that, although complete labial constriction is achieved routinely in the production of/p,b/, its location is free to vary in the inferior-superior dimension ( Both/s/and/t/are formed by placing the anteflor portion of the tongue against the hard palate. Whereas/s/is formed with a narrow groove through which turbulent airflow passes (Shadle, 1985) ,/t/is formed with a mediallateral constriction that blocks airflow. In normal speech the jaw is raised for/t/, and to an even greater extent for/s/ (Amerman et al., 1970; Condax, 1980; Keating, 1983; Lindblom, 1983) . The bite block used in this study was expected to fix the jaw in a position that was lower than normal for/s/and/t/without making it impossible for the talkers to form linguapalatal contact.
One might hypothesize that talkers compensate for a bite block by reorganizing underlying motor control processes based on previous knowledge of muscle group "synergies" used to achieve the phonetic goals associated with each phon e (Gracco and Abbs, 1986; Keller, 1986) . For example, a bite block that lowers the jaw by 20 mm would raise the F• frequency in vowels by 200-300 Hz if not compensated for (Lindblom and Sundberg, 1971b) . Despite the enormity of such an alteration in initial starting conditions, talkers have been reported to produce vowels with "normal" formant frequency values (Lindblom etal., 1979 ; see also Lindblom and Sundberg, 1971a) . Talkers' first attempts generally approximate the frequencies in vowels produced normally as closely as subsequent attempts (Kelso and Tuller, 1983 ), even at vowel onset. Cineradiographic evidence suggests that talkers preserve critical aspects of vocal tract cross-sectional area through increased tongue raising (Netsell et The hypothesis that dimensions of the/s/groove are redundant rather than critical parameters was supported indirectly by a recent aerodynamic study. Putnam et al. (1986) found that oral pressures for/p/decreased as the size of an artificial orifice venting air from the oral cavity increased. However, oral pressure varied little as a function of the wide range of groove areas noted for/s/tokens produced normally and with a bite block. Perhaps talkers vary respiratory or laryngeal activity as groove dimensions change.
There is some evidence that/s/may bc distorted when spoken with a bite block. Warren et al. (1980) reported that a trained listener heard more articulation errors in/s/spoken with 3-and 6-ram bite blocks than without a bite block. Warren et aL (1984) found that 3-and 6-mm bite blocks lead to significant increases in groove areas for some talkers, and that listeners judged more/s/tokens from the 6-ram bite block than normal speech samples to be distorted. Whether the increases in groove areas lead directly to the distortions was not tested. The talkers may have compensated more successfully had they been given some practice, since the number of distorted tokens decreased over the course of a short paragraph.
The talkers in the present study were two native speakers of English and three native speakers of Arabic. Arabic /t/is formed by placing the tongue tip and blade against the central incisors, gingiva, and alvcolar region of the hard palate (Homiedan, 1984) . English/t/is formed by placing the tongue tip against the alvenlar ridge. The bite block was expected to reduce the area of tongue-palate contact in/t/, and shift the place of constriction posteriorily. If complete mcdial-lateral constriction is critical,/t/should bc realized with complete constriction as often in bite block as in normal speech. If the actualpattern of linguapalatal contact is critical, it, too, should be preserved in bite-block speech, and the differences between Arabic and English/t/should be mainrained. However, if the actual dimensions of/t/contact are redundant parameters, the Arabic/t/should resemble English/t/more closely in the bite-block than normal speech samples.
Based on previous reports, we expected to see less of a difference between English and Arabic/s/. Both have been described as lamino-alveolar consonants (Homiedan, 1984) . If the presence of a groove is critical for/s/, a groove should be seen with equal frequency in bite-block and normal speech. If the width of the groove and its'A-P location are critical, parameter values for/s/tokens produced in normal and bite-block samples should not differ significantly. However, if these parameters arc redundant, /s/grooves should widen and shift posteriorily for both the English and Arabic subjects.
I. PALATOMETRIC ANALYSES OF/s/AND/t/
A. Method
Subjects
The five subjects were 19 to 2 l-year-old males with selfreported normal speech and hearing. The three monolingual Arabic subjects (AI, A2, A3) were students from north central Saudi Arabia enrolled at King Saud University in Riyadh. Their native dialect of Arabic was Qassimi. They were flown to Birmingham just prior to the experiment. The two monolingual native English subjects (E 1, E2) were students from Alabama enrolled at the University of Alabama at Birmingham.
Speech material
The palatometric analyses focused on prevocalic /s/ and/t/. Between-language differences in phonetic inventory and syllable structure made differences in phonetic context unavoidable. The English/s/and/t/tokens were embedded in the phrase "Say to me Table I , the somewhat differing effect of the bite block for the five subjects may have arisen from variations in placement, or from physiological differences in jaw translation and/or rotation.
The varying vertical distance increases that resulted from use of a single bite block may have influenced the degree of compensation observed for each subject. However, it should be noted that the smallest increase for any subject (8 mm) was larger than the 6-ram increase Warren et al. (1981) considered sufficient to disrupt the production of /s/. Moreover, controlling for vertical distance increases by making bite blocks for each subject would not have guaranteed an identical effect on speech articulation. As noted by Warren et al. (1980) , the increase in the actual distance the tongue must be raised to make linguapalatal contact is likely to differ from vertical distance increases at the incisors.
Instrumentation
The electropalatograph used here has been described elsewhere in detail (Fletcher, 1982 (Fletcher, , 1985 In the present study, 64 sensors were placed in six rows in regions of the hard palate termed dental, alveolar, and postalveolar by Catford (1977) . The first row was located on the oral surface of the maxillary incisors for all subjects. The rows, numbered 1-6 from front to back, were separated by 3 mm for all subjects except A1, whose between-row distance was 2 mm. The number of sensors per row generally increased from front to back. It varied somewhat across subjects because of morphological differences.
The incisive foramen was used as common morphological landmark to facilitate comparisons between subjects. Row 5 on the Arabic subject's pseudopalates, and row 4 of the English subject's pseudopalates, was situated over the incisive foramen. The distance between sensors in each row was 2.0 mm. Thirty-two additional sensors were placed on the oral surface of molar and premolar teeth to test a hypothesis concerning lateral anchoring of the tongue (Homiedan, 1984) . Data for these sensors, which were almost always contacted in/s/and/t/, will not be reported here. The thresholds for all 96 channels were adjusted in vivo so that even light contact could be registered. The subjects produced randomized lists of 20 sentences four times at a constant rate and intensity level. The first two lists (N 1, N2) were spoken normally, and the last two (B1, B2) with the bite block between the fight molar and premolar teeth. The subjects conversed with the experimenter (AH) during a 10-rain interval between B1 and B2, providing additional time for compensation.
Analyses
On/off data from the 96 sensors, along with acoustic data from a 32-channel filter bank (Voice Identification, model 500), were stored on disk at a 100-Hz rate. An audio recording was also made. Segmentation was performed from visual displays such as the one in Fig. 1 . The number of electrodes contacted was plotted in the top panel; a digital "sound spectrogram" based on intensity passed by 32 bandpass filters was displayed in the middle panel; and rms intensity was displayed in the bottom panel.
The/s/and/t/tokens in each sentence were easy to locate from the rapid increase in the number of sensors contacted. Somewhat fewer sensors were contacted in/s/than /t/ because /s/ had a groove. The 10-ms sampling interval with the most sensors contacted was chosen for analysis. It usually occurred near the onset of frication in/s/, and coincided with a marked decrease in rms energy in/t/. In/s/, the number of sensors contacted often remained constant in several consecutive frames. This "plateau," which was not usually evident for/t/, suggested the maintenance of the same (or very similar) constriction pattern over time. In such tokens, the first frame was chosen for analysis. Figure 3 (left) shows the sensors contacted in 80% or more of the/s/tokens spoken in sample N 1. This figure reveals substantial differences between the subjects. The native Arabic subjects had somewhat more narrow and more anterior /s/ grooves than the native English subjects. A groove was also evident in most/s/tokens from the biteblock samples. Three subjects (E2, A1, A2) produced/s/ with a groove in every instance. Subject E1 did so in 37 of 40 instances. Subject A3 had a groove in just 12 of 20 tokens in sample B 1, but in 18 of 20 tokens in sample B2. Mean parameter values for/s/are presented in Table II . The bite block was expected to increase the groove width in /s/. As seen in Fig. 2 (bottom) , subject Al's grooves averaged 4.7 mm wider in the bite-block than normal speech samples, and subject A3's averaged 11.2 mm wider. On the other hand, the/s/grooves of subject A2 were 1.4 mm narrower on average in the bite-block than normal speech samples. The bite block had little effect on the/s/of either native English subject.
The ANOVAs indicated that speech sample had a significant effect on groove width for the Arabic subjects, but not for either English subject (p < 0.01 ). The planned comparisons revealed that subject AI had a significantly wider groove in the bite-block than normal speech samples, but a narrower (hence, more nearly normal) groove in sample B2 than B 1. Subject A3 also had a significantly wider groove in the bite-block than normal speech samples, but did not show a significant difference between B2 and B 1. The grooves produeed by subject A3 in sample B1 did not differ significantly from those in normal speech, but those in B2 were significanfly narrower than those in the normal speech samples and in sample B1. This suggested that subject A3 overcompensated for the bite block in sample B2.
The mean A-P location of the narrowest portion of the /s/grooves is plotted, with reference to the incisive foramen, in Fig. 2 (middle). The bite block was expected to cause linguapalatal contact to shift back in the mouth if subjects did not compensate fully for it. The bite block seemed to have little systematic effect on A-P location for three subjects (AI, A2, E2), but the/s/groove of subject A3 was 5.5 mm more posterior in the bite-block than normal speech samples. For subject El, on the other hand, the groove averaged 1.2 mm more anterior.
The ANOVAs indicated the effect of speech sample on A-P location was significant for subjects A1, A3, and E1 (p <0.01). The planned comparisons revealed that subject A3's groove was significantly more posterior in the bite block than normal speech samples. The A-P locations of subject El's /s/ grooves in sample B1 did not differ from the normal speech values, but were significantly more anterior in sample B2 than in the normal speech samples and B 1. This suggests subject E1 overcompensated for the bite block in the interval between samgles BI and B2 (just as subject A2 overcompensated in terms of groove width). The grooves produced by subject A1 were significantly more posterior in samples N 1 and B 1 than in N2 or B2.
Articulatory parameters in/t/
Figure 3 (fight) shows the sensors contacted by the five subjects in 80% of the/t/tokens from sample N1. The three native Arabic subjects produced/t/more anteriorily than the native English subjects. The Arabic subjects contacted the first row of sensors, which was located on the oral surface of the maxillary incisors. Two of the Arabic subjects (A1, A3) showed a broad (4-5 rows) region of contact, suggesting they formed constriction for/t/with the blade and tip of the tongue. For these subjects, the length of/t/constriction was much greater than that observed for the two English subjects, who apparently formed/t/with the tongue tip.
English subject E2 showed complete medial-lateral constriction in 100% of the/t/tokens in the bite-block samples, and subject E1 did so in 88% of tokens. Two Arabic subjects showed complete constriction far less often. Subject AI showed complete constriction in only 48% of the bite-block tokens, and subject A2 in 33%. From this, one might conclude that the ability to form complete constriction in/t/ when speaking with a bite-block speech depended on place of constriction. The two Arabic subjects just mentioned had a more anterior place of constriction for/t/than the English subjects. However, it is important to note that the remaining Arabic subject (A3) formed complete constriction in 98% of the bite-block tokens of/t/.
Figure 4 (top) shows the mean number of sensors contacted in/t/. All three Arabic subjects contacted fewer sensors in the bite-block than normal speech samples. The average difference between the bite-block and normal speech samples was 20.6 sensors for subject AI, 8.1 sensors for subject A2, and 19.9 for subject A3. The effect of speech sample was significant for all three Arabic subjects (p <0.01 ). The planned comparisons revealed that subject AI contacted fewer sensors in the bite-block than normal speech samples, but more sensors in sample B2 than B 1. Subject A2 contacted fewer sensors in sample B1 than N 1, and fewer sensors in sample B2 than in the normal speech samples or B 1. Subject A3 contacted fewer sensors in the bite-block than normal speech samples, but showed no difference between samples BI and B2.
The effect of speech sample was also significant for the two native English subjects (p < 0.01 ), who differed from the Arabic subjects in contacting more sensors in the biteblock than normal speech samples. The increase averaged 3.1 sensors for subject El, and 5.2 sensors for subject E2. The planned comparisons revealed that subject E1 contacted significantly more sensors in the bite-block samples than in sample N 1. Subject E2 contacted more sensors in the bite- block than the two normal speech samples. Neither subjeet showed significant differences between samples B 1 and B2. Figure 5 , which shows the sensors contacted in at least 80% of the/t/tokens of one English and one Arabic subject, illustrates the differing effect of the bite block on the native Arabic and English subjects. Whereas the English subject (E2) formed/t/with nearly the same constriction length in all four samples, the Arabic subject (A3) contacted fewer rows in the bite-block than normal speech samples.
Figure 4 (bottom) plots the mean length of constriction in/t/. As expected from the number of sensors contacted, the Arabic subjects formed a more narrow constriction in the bite-block than normal speech samples. The length of constriction averaged 7.4 mm narrower in the bite-block than normal speech samples for subject AI, 4.4 mm narrower for subject A2, and 5.6 mm narrower for subject A3. The bite block did not have this narrowing effect for the native English subjects. The effect of speech sample was significant for the three Arabic subjects, but not for either native English subject (p < 0.01 ). The planned comparisons revealed that all three Arabic subjects produced/t/with significantly shorter constrictions in the bite-block than normal speech samples. Subject A1 had significantly longer constrictions in sample B2 than B 1. That is, he showed a more nearly normal constriction length in the second bite-block sample.
Correlation among parameters in/$/and/t/
The data just presented raise the question of whether the place of constriction and area of contact in/s/were related. Pearson product-moment correlations were computed to determine whether relationships existed between variables related to the A-P location of/s/grooves (AP, AB) and the area of contact (number of sensors contacted, N, and W).
The tests were performed on the data from just the normal speech samples, just the bite-block samples, and for all four samples taken together.
The results of these tests, summarized at the top of Table III, indicated that the more anterior the/s/grooves, the narrower they were. Significant negative correlations existed between groove width W and the anterior boundary of the groove AB for four subjects in the normal speech samples. formed on all four samples. Significant negative correlations existed between Wand the location of the groove minimum AP for four subjects in the normal speech samples, for three subjects in the bite-block samples, and three subjects when all four samples were examined. There was one reversal of this pattern: a significant positive correlation between W and AP in the normal speech samples for subject A2. This suggests that the relationship between A-P location and groove width does not represent an absolute physiological constraint on speech production. It should be noted that subject A2 showed a significant negative correlation between W and AP in the bite-block samples.
It is uncertain why subjects El and E2 showed a negative correlation between Wand AP in the normal speech but not bite-block samples. It was probably not due to the posterior location of their/s/grooves in the bite-block samples ( 1.2 and 2.9 mm posterior the incisive foramen, respectively). Their/s/grooves had about the same A-P locations in the normal speech samples (see Fig. 2 ). Moreover, subject A3--who did show a significant negative correlation between Wand AP in the bite-block samples-had an equally posterior location (2.3 mm posterior to the incisive foramen in the bite-block samples).
The correlations summarized at the bottom of Table III indicate that the area of tongue-palate contact increased as Correlational analyses were also performed to examine the relationship between the place of/t/constriction and constriction length, L; and between place of constriction and the number of sensors contacted, N. The A-P location of the /t/ constriction was estimated by averaging the number of the rows in which medial-lateral contact was observed, then assigning this (averaged) row number a value in millimeters with reference to the incisive foramen (see See. I A). These analyses were restricted to the two native English subjects (E I, E2) since they, unlike the Arabic subjects, produced an alveolar /t/ for which A-P location could be assessed accurately?
The results of the correlational analyses performed on the/t/tokens of subjects E1 and E2 are summarized in Table IV. As constriction moved forward in the mouth, the number of sensors contacted increased. Strong positive correlations existed between the place of constriction AP and number of sensors contacted N for both subjects when data from all four samples were examined. The same finding was obtained for the normal speech data, but not for the biteblock data. The findings for/t/mirrored those reported earlier for /s/. The only discrepancy was that subject E2 showed a significant correlation between AP and N in the bite-block samples for/s/but not/t/.
Significant correlations between AP and constriction length L were not obtained in any instance. This is somewhat surprising since one would expect constriction length to increase as the number of sensors contacted increased.
Discussion
Forming a groove for/s/with the bite block used in this study (which increased interincisal distances by 8-15 mm) undoubtedly required more forceful and/or earlier contraction of tongue-raising muscles. The most important finding was the palatometric evidence that a groove was formed in virtually all tokens of/s/spoken with a bite block. The one subject in five who frequently did not show a groove in the first bite-block sample (B1) did so after 10 min of practice speaking with the bite block (i.e., in sample B2). This suggests that formation of a groove is critical to/s/production.
The hypothesis that complete roedial-lateral constriction is critical for/t/production was not supported. Two of the three Arabic subjects did not show complete constriction in many bite-block/t/tokens, even after 10 rain of practice. This is reminiscent of a finding by Sudo et al. (1983) . Two of the three Japanese subjects they examined showed complete The present results suggest that complete constriction is a redundant (i.e., noncritical) aspect of/t/production. It therefore seems to have the same status as the inferior-superior location ofbilabial constriction in labial stops (Folkins and Linville, 1983) in being a parameter that is free to vary as a function of the conditions existing at the time of production. Perhaps the partial linguapalatal constrictions that did occur each time/t/was spoken were sufficient to generate the acoustic information needed for it to be identified correctly and without the perception of distortion.
Before this conclusion can be accepted fully, it will need to be shown that palatographic evidence of "incomplete" closure coincides with evidence of airflow (and perhaps diminished oral air pressure). If Arabic subjects are examined, it would be useful to gather electroglottographic data pertinent to vocal fold positioning (see Flege, 1982) . Careful listening to the audiotapes by the first author indicated that a stop consonant was perceptually evident in every instance. The two subjects who frequently showed incomplete constriction for/t/were native speakers of Arabic, a language with a glottal stop phoneme. It is at least possible that these talkers produced a complete constriction at the glottis rather than in the oral cavity. This might have occurred if it is easier to produce a glottal than lingual stop consonant when speaking with a bite block.
In general, the native English subjects compensated more completely than the native Arabic subjects. The bite block did not cause either native English subject to shorten constriction length in/t/, although both subjects contacted significantly more sensors in the bite block than normal speech samples. The bite block caused all three Arabic subjects to shorten constriction length and to contact significantly fewer sensors in/t/.
The bite block did not have a significant effect on the width of/s/grooves produced by the native English subjects. It did, however, have a significant effect on the number of sensors contacted (an increase for one, a decrease for the other), and it caused one English subject to produce/s/with a significantly more anterior place of constriction. The bite block had a significant effect on/s/groove widths for all three Arabic subjects. The number of sensors contacted by two Arabic talkers in the bite-block samples decreased significantly, and constriction was formed more posteriorly for one Arabic subject. It is unlikely that differences between subjects can be explained solely as the result of a differing effect of the bite block on interincisal distances. If this were the case, the greater the increase in interncisal distance, the smaller should be the area of linguapalatal contact in the bite-block samples. However, although subject E 1 contacted more sensors and subject E2 contacted fewer sensors in the bite-block than normal speech samples, the bite block increased interincisal distance more for subject E1 (12 mm) than E2 (8 mm). Similarly, whereas subject A2 contacted more sensors and subject A3 far fewer sensors in the bite-block than normal speech samples, the bite block increased interincisal distance more for subject A2 (13 mm) than A3 (8 mm). It would nevertheless be useful in future studies to control for the increases in vertical distance that result from insertion of a bite block. The strategy a talker uses to compensate (see below) may depend on the magnitude of the increase. Perhaps some of the differences between the Arabic and English subjects arose from differences in phonetic context. The utterance-initial/s/preceded/a/in the Arabic sentences, but/e'/in the English sentences. Whereas/t/followed/1/in the Arabic sentences, it followed/e'/in the English sentences.
A more likely explanation for the apparent difference between the native Arabic and English subjects, in our opinion, was the difference in how/s/and/t/are realized in Arabic and English. The palatometric data showed that Arabic and English/t/differed in both the A-P location of constriction and area of linguapalatal contact. Consistent with previous introspective reports (Homiedan, 1984), the /t/of Arabic subjects A1 and A3 would best be described as a lamino-dental-alveolar stop, and that of Arabic subject A2 as an apico-dental stop. The two native English subjects generally contacted the sensors in one or two rows situated near the alveolar ridge. Their/t/would best be described as an apico-alveolar stop (see Catford, 1977) . We speculate it was biomechanically easier for the English than Arabic subjects to maintain their normal linguapalatal contact patterns for/t/when speaking with the bite block because English/t/is formed more posteriorly than Arabic/t/. The bite block caused the Arabic subjects to produce/t/with greater constriction length (9.0 vs 3.2 mm in the normal speech samples) and a smaller area of linguapalatal contact ( 64 vs 80 sensors in normal speech). The bite block did not dramatically affect the native English subjects, who showed nearly the same constriction length in biteblock and normal speech/t/tokens (4.6 vs 4.8 mm), and about the same area of contact (67 vs 62 sensors).
Biomechanical factors might also explain the differences observed between the native Arabic and English subjects for/s/. The Arabic subjects produced/s/with grooves that were much wider in the bite-block than normal speech samples ( 10.2 vs 5.6 mm) and contacted fewer sensors (56.7 vs 65.7). The Arabic subjects'/s/grooves also shifted posteriorly in the bite-block samples ( 1.4 mm anterior to the incisive foramen in normal speech, compared to 0.3 mm posterior to it in the bite-block samples). In contrast, the native English subjects produced/s/with about the same groove widths in the bite-block and normal speech samples (9.8 vs 10.0 mm), contacted about the same number of sensors (52.1 vs 51.8), and formed/s/at about the same A-P location in the normal speech and bite-block samples (2.3 and 2.0 mm posterior to the incisive foramen, respectively).
Some of the differences between subjects were clearly not due to differences in how consonants are implemented in their native language, but instead suggest the existence of individual strategies for compensation. Whereas English subject E1 contacted more sensors in bite-block than normal /s/, subject E2 contacted fewer. Two Arabic subjects contacted fewer sensors and formed a wider groove for biteblock than normal/s/. The remaining Arabic subject (A2), on the other hand, produced/s/with a slightly narrower groove and contacted more sensors when speaking with the bite block. However, this subject resembled the other two Arabic subjects more closely in producing/t/. All three Arabic subjects reduced length of constriction and contacted fewer sensors in/t/in the bite-block than normal speech samples. Thus the bite block caused subject A2 to contact more sensors in/s/, but fewer sensors in/t/.
Differences between subjects also existed with respect to the effect of 10 rain of practice with the bite block. The three native Arabic subjects showed large changes between the two bite-block samples. Subject AI contacted significantly more sensors for both/s/and/t/in sample B2 than B 1 (and thus showed a more nearly normal pattern). Subject A2 contacted fewer sensors in/t/, but more sensors in/s/, in B2 than B1. In both instances the difference resulted in patterns in B2 that diverged more rather than less from the normal pattern than the ones in B 1. Subject A3, on the other hand, showed no differences bet •ween samples B 1 and B2.
Both native English subjects contacted more sensors in /t/in sample B1 than the normal speech samples. However, whereas subject E1 contacted fewer sensors in sample B2 than B1 (and thus showed a more nearly normal pattern), subject E2 did not. In producing/s/, subject E1 contacted more sensors in the bite-block than normal speech samples, while subject E2 contacted fewer. Despite the opposite effect of the bite block, the pattern of change between samples B 1 and B2 seen for/t/was also evident for/s/: Subject E1 showed a significant change in the direction of normal speech, but subject E2 showed no difference between sampies B 1 and B2.
Finally, significant correlations were found between the A-P location of constriction and area of tongue-palate contact in both/s/and/t/. For all five subjects, the width of the /s/groove narrowed as it moved forward in the mouth. For the two subjects examined (El and E2), the area of lingual constriction in/t/increased as the place of constriction moved forward in the mouth. These findings were not simply artifacts resulting from a comparison of phones produced with and without the bite block. Significant correlations were obtained for both/s/ and /t/ when just the normal speech tokens were examined.
These results suggest that as the tongue moves forward in the mouth, raising the tongue tip and blade results in a broader area of contact with the hard palate. This may be due to the fact that the hard palate itself becomes narrower from back to front. The finding for/s/is consistent with linguistic distinctive feature descriptions (e.g., Chomsky and Halle, 1968). They suggest that tongue height and the A-P place of constriction, but not groove width, are the articulatory dimensions that control the acoustic properties needed to distinguish English/s/and/$/.
One might hypothesize that the relatively wider groove in/$/than/s/is a redundant articulatory parameter which is determined by some more essential parameter, such as the A-P location of the constriction. This is consistent with the difference in/s/between the Arabic and English subjects noted here. The Arabic subjects' dental/s/had a much narrower groove in the normal speech samples than the native English subjects' alveolar/s/(5.7 vs 9.9 mm). One might of course advance the alternative hypothesis that/$/has a more posterior place of articulation than/s/because it requires a wider groove. If so, this would mean that talkers learn to control groove width, and the place of constriction is a redundant articulatory parameter.
II. ACOUSTIC AND PERCEPTUAL ANALYSES
The palatometric analyses revealed significant articulatory differences between speech produced with and without a bite block. This raises the question of whether the articulatory differences resulting from the bite block caused significant acoustic differences and, if so, whether they would be audible. Since the effect of a bite block on the acoustic properfies /s/ and /t/ has not been established in previous research, nor has the perceptual effects of a bite block on these consonants been explored, this section presents acoustic and perceptual analyses of/s/and/t/tokens produced in the normal and bite block samples by one of the five subjects.
The subject chosen for analysis (El) differed from the native Arabic subjects in that he appeared to speak undistortedly with the bite block from the start. Despite this, the bite block was found to exert significant effects on his speech. Subject E1 contacted more sensors for/s/in sample B1 than in the normal speech samples, but not in sample B2. The bite block did not significantly affect length of constriction in /t/. Subject El contacted significantly more sensors in sample B1, but not B2, than in the normal speech samples. The data for/t/, therefore, converges with that for/s/in suggesting that subject El compensated to a greater extent for the bite block in sample B2 than B 1.
However, the opposite pattern was evident for the A-P location of his/s/. There was a nonsignificant tendency for /s/to be formed more anteriorily in sample B I than the normal speech samples. The difference between B2 and the normal speech samples reached significance. For this parameter, the ability of subject E1 to speak with the bite block seemed to deteriorate with practice. It is not certain, however, whether the small articulatory differences were audible and, if so, whether the changes between samples B 1 and B2 lead to less, or to more, distortion.
A. Acoustic analyses 1. Procedures
The 20 tokens of "Say to..." spoken in the four speech samples were low-pass filtered at 9.0 kHz before being digitized at a rate of 20 kHz with 12-bit amplitude resolution. 4
The/s/,/t/, and/e'/tokens were then examined acoustically using LPC analysis. Four frequency values were obtained for the/s/,/t/, and/e'/tokens. Spectral peaks, designated P1, P:, and P3, were often evident in the/s/spectra at about 1500, 2500, and 3500 Hz, and at somewhat lower frequencies in the/t/spectra (1200, 2000, and 3000 Hz). The frequencies of these peaks were likely influenced by the position of the tongue as it anticipated the following vowel (Soli, 1981 ) . In addition, the spectral center-of-gravity, or "centroid," was calculated for each token by calculating the frequency that would divide the area under each smoothed spectrum between 1-9 kHz into equal halves. The frequencies of the first three vowel formants (Fi -F3 ) 
Results
The results for/s/are presented in Table V . Frequencies were generally lower in the bite-block than normal speech samples. The frequency of P• was 132 Hz lower on average, P2 was 108 Hz lower, P3 was 165 Hz lower, and the centroid frequency was 79 Hz lower. The effect of speech sample on the frequency of P•, P2, and P3 was significant, and nearly reached significance for the centtold frequency. The planned comparisons revealed that P• frequency was significantly lower for sample B2 than N 1; P2 frequency was lower for the bite-block samples than N2; and P3 frequency was lower for sample B2 than N2.
The results in Table VI the vowel. The planned comparisons revealed that, at the beginning of the vowel, F• frequency was higher in sample B2 than N2 or B 1, and F 2 frequency was higher in sample B 1 than B2. At the end of the vowel, F2 and F3 frequencies were higher for B2 than for the normal speech samples or B 1. The F•-F 2 amplitude differences were nonsignificant [F(3,58) = 1.451. The results of the spectral analyses of/t/are presented in Table VII . There were as few as 11 observations per cell in the/t/analyses. Tokens not formed with complete roediallateral constriction (see above) were excluded from analysis, as were tokens not having a release burst visible in the waveforms. Spectral peaks were evident in most remaining tokens. The frequencies of peaks P• and P2 averaged about 130 Hz higher in the bite-block than normal speech samples. On the other hand, P3 frequency was nearly 200 Hz lower in sample B I than in the other three samples. The centreid frequencies were slightly higher in the bite-block than the normal speech samples.
The effect of speech sample on the frequencies of P• and P2 was significant, and nearly significant for the centreid frequency. The planned comparisons revealed no significant differences between samples in Pt frequency, but showed that P2 frequency was higher in sample B 1 than N2.
Conclusions
The acoustic analyses of the spectra associated with/s/, /el/, and/t/all revealed significant differences between tokens from bite-block and normal speech samples. However, the differences were small in absolute terms, and often did not involve both normal speech samples (N1, N2).
The frequencies of spectral peaks (P•-P•) analogous to formants were measured in/s/and/t/. The/t/tokens from the bite-block samples had slightly higher frequency values overall than those from the normal speech samples. The only significant difference was for P=, which had a higher frequency in sample B1 than N1. Recall that subject El contacted significantly more sensors in sample B 1 than in the normal speech samples, but did not show a significant difference between B2 and the normal speech samples. The acoustic data for/t/, therefore, suggest that Pz frequency was related to linguapalatal contact area. The frequencies of the peaks in/s/were lower in the bite-block than normal speech samples. The acoustic data suggested that subject E1 overcompensated for the bite block in the l0 min between samples B 1 and B2. The spectral differences between B2 and the normal speech samples were somewhat larger than those between B1 and the normal speech samples. Three significant differences involving sample B2 were noted, but only one involving B1. Recall that subject E1 showed a significant difference (more sensors contacted) between B 1 and the normal speech samples, but not between B2 and normal speech. As for/t/, P• frequency was lower in sample B1 than N2, again suggesting a relation between P2 and linguapalatal contact area. Subject El's /s/ groove was significanfiy more anterior in sample B2 than it was in the norraal speech samples or B 1. The acoustic analyses showed that the frequency of peaks P•,/>2, and P• was significantly lower in B2 (but seldom B 1 ) than in the normal speech samples. This suggests that slightly retracting the place of/s/constriction lowered spectral frequencies in/s/tokens. These data provided further evidence that subject E1 overcompensated for the bite block after he had the opportunity to practice speaking with it for 10 min.
Finally, a number of shifts in formant frequency values were observed in bite-block tokens of/e'/. At least some of these changes, which averaged 3 %-17%, were probably discriminable (Flanagan, 1957) . When the "onglide" was examined, F• frequency in sample B 1 resembled frequencies in the normal speech samples, while F2 frequency was somewhat higher. On the other hand, the frequency of F• in sample B2 was somewhat higher, and F 2 frequency somewhat lower, than that of the normal speech samples. This suggests that subject El compensated more completely in sample B2 than B I, and that vowels in B2 would have a more acceptable auditory quality than those in B 1.
El. Perceptual tests

Gibson and McPhearson (1980) obtained both vowel
formant measurements and acceptability judgments for vowels produced with and without a bite block. They noted the difficulty inherent in attempting to predict how vowels spoken with a bite block will be judged auditorily from formant frequencies. The perceptual experiments reported here aimed to determine directly whether vowels and consonants spoken with a bite block differed auditorily from those spoken normally and, if so, whether the practice between samples BI and B2 resulted in less distortion. In the first experiment, a single listener rated tokens of say. In a second experiment, /s/ and /c'/ were presented in isolation in a paired-comparison task.
I. Rating of '•ay"
The first experiment examined tokens of say spoken by subject E1 with and without the bite block. Say was edited from the digitized waveforms of the first ten utterances in the normal speech samples N1 and N2, and from all 20 utterances in the two bite-block samples. The resulting 60 stimuli, which were normalized for overall rms intensity, were lowpass filtered at 9 kHz after A/D conversion. Five randomizations were presented at 74 dB SPL(A) with a 1.0-s intertrial interval.
The singled listener had a great deal of previous experience making acceptability judgments for speech produced by both native and non-native speakers of English. She was told that an unspecified number of the words had been spoken with a bite block. Her task was to position the lever on a response box between endpoints marked "normal" and "distorted." "Normal" was defined as "how the talker was likely to produce say without a bite block." Thus the listener was required to infer how the talker produced say normally, and to determine whether each token diverged from this internal representation. Ten extra utterances (five normal, five bite block) were presented at the beginning of the experiment to give the listener time to become familiar with the talker's articulation.
The lever on the response box was connected to a poten-tiometer which, in turn, was connected to an 8-bit A/D con- Chi-square tests indicated that the rate at which/s/tokens from B1 (12.5%) and B2 ( 10.0% ) were chosen as the bite-block member of the pair was significantly below chance. An ANOVA indicated that the rates observed for the B 1 and B2 fricatives did not differ significantly.
Conclusions
The finding that the tokens from sample B 1 but not sample B2 received significantly lower ratings than the normal speech tokens is important for two reasons. First, it showed that the listener could detect distortion in tokens of say spoken just after the bite block was inserted. Second, it showed that the talker compensated to a significantly greater extent for the bite block in sample B2 than B1. In fact, from an auditory perspective, compensation in sample B2 could be regarded as complete. The pseudopalate was worn during the normal speech and bite-block samples. It is nevertheless possible, albeit unlikely, that the distortion perceived in the B 1 tokens was due in part to the pseudopalate worn during data acquisition (see Flege, 1987) .
The vowel and fricative portions edited from say were presented in a paired-comparison experiment to help determine the source of the distortion. This experiment showed that the vowels spoken just after the bite block was inserted, but not those spoken after 10 min of practice, were distorted.
However, since the rate at which the vowels from sample B 1 was chosen as the bite-block member of the pair was only 58.5%, one might conclude that the degree of distortion was We speculate that the listener adopted an auditory rather than phonetic strategy for judging the fricatives (but not the vowels). Since the 5 normal/s/tokens were presented far less often than the 40 bite-block tokens, they may have been remembered and identified as a separate subset. If so, the bite-block fricatives should not be regarded as having been distorted perceptually. This interpretation leads to the conclusion that the distortion in say tokens from sample B 1 in the rating-scale experiment was due primarily to differences in the vowel portion of that word. This conclusion stands in contrast to the conclusion drawn from previous studies of vowels spoken with a bite block (e.g., Lindblom and Sundberg, 1971a,b; Lindblom et al., 1979). It is possible, given the range of ability in normal adults to compensate for a bite block (Fowler and Turvey, 1980) , that the adult examined in the present study was not representative of the subjects examined in previous research.
We believe it is more likely, however, that distortion has not been noted in previous studies examining bite-block vowels because sufficiently sensitive methods have not been applied (see GibsOn and McPhearson, 1980 ). The jaw is higher for/s/than/el/in normal speech production, so our a priori expectation was that it would be more difficult to compensate for/s/when speaking with the bite block than to compensate for the vowel. Our tentative conclusion that/el/was distorted more than/s/, therefore, runs counter to our expectation that the bite block would lead to greater distortion for/s/than/el/. Perhaps the lis- 
Ill. GENERAL DISCUSSION
Previous acoustic studies (e.g., Lindblom and Sundberg, 1971 a,b) have lead researchers to conclude that talkers can produce acceptable vowels immediately after a bite block is inserted. Relatively little evidence existed concerning the extent to which normal articulatory patterns are preserved in bite-block vowels, and still less in lingual consonants. This study used electropalatography to examine the linguapalatal contact patterns in/s/and/t/. Underlying this study was the assumption that articulatory parameters that are critical to the specification of a phonetic category are more likely to be maintained in bite-block speech than those which are "redundant" (Stevens etal., 1986) .
The study showed in many instances that compensation for a bite block was incomplete. Significant differences were found between phones produced with and without a bite block by all five normal adult subjects. The hypothesis that the width of the groove is critical for/s/production (Fletcher, 1983, 1987; Putnam et al., 1986) was not supported. Significant differences in groove width existed between/s/tokens produced in the normal speech and bite-block samples. Significant differences also existed in the area of tonguepalate contact and the A-P location of the groove. Similarly, differences in area of contact and constriction length were observed for/t/.
The results obtained here for/s/and/t/are analogous to those obtained for bilabial stops by Folkins and Linville (1983) . They observed that the inferior-superior location of labial closure differed for stops produced with and without a bite block (although closure was always achieved). Our finding that a bite block caused small but significant changes in parameter values in/s/and/t/suggests that specific parameter values, at least for the articulatory parameters examined, are not critical.
Another important finding was that, despite variations in parameter values, the five talkers nearly always preserved a groove in/s/when speaking with the bite block. This is not surprising in light of Fletcher's (1987) finding that, following surgical removal of the tongue, talkers manage to form a groove for/s/by approximating the lips. We interpret our findings to mean that a groove of some kind is critical for/s/, but not precise dimensions in the groove.
Findings reported by Kelso et al. (1984) suggested that labial constriction is critical for/b/. When the jaw was suddenly and unexpectedly prevented from moving upward, the upper lip moved downward to a greater extent than usual.
(Similar perturbations for/z/did not affect lip movements, but instead led to increased EMG activity in a muscle used to raise the tongue tip to the hard palate.) It was surprising, therefore, that as many as 75% of the bite-block tokens produced by individual subjects failed to show complete constriction.
It appears that acoustic information sufficient for the recognition of/t/can be generated without complete linguapalatal constriction. The bite block, which increased vertical distances between the central incisors by 8-15 mm, probably did not make it physically impossible for the subjects to form a complete constriction. Recall that/s/, which has a higher jaw position in normal speech than/t/(Keating, 1983), was almost always produced with a groove. The present findings, therefore, suggest that although lingual constriction is important for/t/, complete constriction is not critical. This conclusion will, of course, need to be verified aerodynamically and auditorily.
Another important finding of this study was that compensation for the bite block was not instantaneous. In some instances, the linguapalatal contact patterns in the second bite-block sample (B2) more nearly resembled the normal speech patterns than those in the first bite-block sample (B 1 ). In other instances, however, they resembled the normal speech patterns less. Both the seeming improvement and deterioration in articulation between the two bite-block samples separated by 10 min suggests the talkers noted discrepancies between abstract phonetic goals and their actual realizations of/s/ and /t/. Error signals derived through tactile-kinesthetic, proprioceptive, or auditory feedback (or some combination thereof) seem to have led to a more nearly normal pattern in some instances, but to overcompensation in others.
This suggests that, in addition to information pertaining to parameters which are critical, some information pertaining to specific parameter values may be stored in central phonetic representations. This conclusion is consistent with the finding (Flege, 1984 ) that listeners can readily detect foreign accent in phones spoken by non-native speakers even when the Phones are recognized as intended. It is also consistent with the finding (Fletcher, 1987 ) that substitute gestures in physical disability are likely to evidence parametric values that approximate those of the original gesture.
The/s/and/t/portions of the phrase "say to me--" spoken by one of the native English subjects were examined in detail acoustically. These analyses revealed small, albeit significant, differences between tokens produced in the normal speech and bite-block samples. The acoustic data provided further evidence that this subject overcompensated as the result of (or in spite of) 10 min of practice speaking with the bite block. The frequencies of spectral peaks PI and P2 in the/t/release burst were somewhat higher in the bite-block than normal speech samples. In/s/, the frequencies of spectral peaks PI, P2, and P3 were somewhat lower in the biteblock than normal speech samples. It appeared that the P• frequency was related to the number of sensors contacted in /s/and/t/; and that retracting the place of constriction in /s/lowered spectral frequencies.
Effects of the bite block on vowel production were also noted. Shifts in formant frequencies averaging 3%-17% were observed in both the onglide and offglide portion in /el/? In sample B1, F 1 frequency resembled the values observed in the normal speech samples, but F, frequency was somewhat higher. In sample B2, F• frequency was somewhat higher than the frequencies observed in normal speech, while Fe frequency was lower.
Two perceptual experiments were carried out to determine whether the bite block lead to auditorily detectable changes. Say tokens in sample B 1 received significantly lower rating-scale judgments than normal speech tokens, but those from sample B2 did not. Paired comparisons indicated the/el/portion of say tokens from the first bite-block sample were distorted audibly. The/s? portion edited from biteblock tokens of say differed audibly from portions taken from normal speech tokens. Unlike isolated /el/tokens, however, the isolated fricatives were not identified as having been spoken with the bite block.
The finding for/el/seems to stand in contrast with previous studies. It suggests that, if subjected to close scrutiny, bite-block vowels will be found to differ auditorily from normal vowels. Still, it should be noted that the/el/(and/s/) tokens were always produced adequately, that is, were recognizable as the intended sound.
In summary, it appears that talkers do not compensate completely when producing/s/and/t/with a bite block, and that the compensation which does occur is not instantaneous. The auditory-acoustic results for/el/suggested that compensation for vowels may also be incomplete. The results were consistent with the hypothesis (although they do not prove) that critical parameters are encoded centrally and will be preserved from the start in bite-block speech. More specifically, the results suggest that a groove is critical for/s/, but that complete constriction for/t/is not. The changes in compensation that occurred when talkers had 10 rain to practice with the bite block suggest that the talkers were using afferent feedback to improve their compensation, and further suggest that at least some information pertaining to specific parameter values are encoded in central representations.
